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(ii) inserting a differentiated mammalian donor cell, or the nucleus of said cell, 
into the oocyte under conditions suitable for the formation of a nuclear transfer unit so that a 
nuclear transfer unit is formed, wherein said oocyte and said differentiated cell are from 
different mammalian species; 

(iii) activating the resultant nuclear transfer unit; and 

(iv) culturing the activated nuclear transfer unit to produce a multicellular 
structure. 

REMARKS 

This amendment is responsive to the Final Office Action dated September 10, 2002. 
The claims are rejected under 35 U.S.C. §103 (a) as being obvious in view of Wolfe et 
a/.(1990), taken with Collas et al. (1994). To expedite prosecution, independent claim 36 is 
amended to specify that the nuclear transfer unit having genomic DNA of one mammalian 
species and mitochondria of a different mammalian species that is produced by the claimed 
method is capable of giving rise to a multicellular structure of at least about 50 cells when 
cultured under appropriate conditions. Support for the amendment is found in the 
specification, for example, at page 11, lines 14-15 ("to a size of at least about 50 cells"), and 
in Example 1, page 30, lines 19-22 ("NT units reaching the desired cell no., i.e., about 50 cell 
number, were mechanically removed from the zona and used to produce embryonic cell 
lines"). 

The Applicants submit that the amendment does not raise new issues for examination, 
in view of examined claim 57 which recites producing a multicellular nuclear transfer unit of 
"about 2 to 400 cells," and respectfully request entry of the amendment. 
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Regarding the rejection of claims 36-87 under 35 U.S.C. § 103(a) as being unpatentable over 
Wolfe et al, taken with Collas et al.: 

Claims 36-87 were rejected under 35 U.S.C. 103(a) as being unpatentable over Wolfe 
et al (1990) in view of Collas et al. (1994). 

The Applicants submit that the disclosure of Wolfe et al (1990), in combination with 
that of Collas et al. (1994), would not have suggested to a person of ordinary skill in the art 
that transfer of the nucleus of a differentiated cell into an oocyte of a different species would 
have reasonably beeen expected to result in production of a nuclear transfer unit that is 
capable of giving rise to a multicellular structure of at least about 50 cells. In support of this 
position, the Applicants respectfully submit the declaration of Robert P. Lanza, M.D., 
pursuant to 37 C.F.R. § 132. 

As set forth in the attached Curriculum Vitae, Dr. Lanza is Vice-President of Medical 
& Scientific Development at Advanced Cell Technology, the assignee of the present 
invention; he has conducted and directed research in the areas of tissue engineering and cell 
and tissue transplantation, including xenogeneic transplantation; he has published numerous 
articles relating to cloning, including interspecies nuclear transfer; and he is a co-inventor of 
pending patent applications relating to intra- and inter-specific cloning. 

As stated in Dr. Lanza's declaration, in August 1996, at the time of filing of U.S. 
Patent Application No. 08/699,040, the parent of the present application, the discovery of the 
present application that the nucleus of a differentiated human cell could be transferred into an 
enucleated bovine oocyte to produce a nuclear transfer embryo capable of undergoing 
cleavage and developing into a multicellular structure was an unexpected and surprising 
result. At that time, no other research group had disclosed or suggested that a multicellular 
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embryo could be successfully produced by inter-specific nuclear transfer using a 
differentiated nuclear donor cell. 

In the late 1980s and early 1990s, methods were developed for cloning by nuclear 
transfer that used undifferentiated embryonic cells, i.e., blastomeres, as nuclear donor cells. 
At that time, it was recognized that the embryonic development involves many complex 
interactions between the nuclear chromatin and factors in the recipient oocyte that were 
necessary for regulated activation of transcription of genes of the embryonic genome 
(Nothias et al., 1995, J. Biol. Chem., 270:22077-80), and persons of skill in ther art generally 
recognized that as donor embryonic cells differentiated, they lost their capacity to direct 
embryonic development and blastocyst formation. As discussed in the Collas et al. reference, 
the restricted developmental potential of nuclei from differentiated cells was thought to be 
due, at least in part, to changes related to DNA replication and gene expression, and failure to 
reactivate genes that became transcriptionally inactive during differentiation. It was proposed 
that incomplete DNA replication could result from asynchrony in the cell cycle of the donor 
nucleus and recipient oocyte, or from changes in the pattern of transcriptionally active and 
inactive chromatin and their timing of replication, (see Collas et al., p. 266). 

The "remodeling" or "reprogramming" of a nucleus of a differentiated cell so that it is 
capable of successfully directing embryogenesis following transfer into an oocyte was 
thought to require similar reactions and protein exchanges between the recipient ooplasm and 
the donor chromatin (for example, see Prather et al., J. Reprod. Fertil. Suppl., 1990, 41:125- 
34). However, it was recognized that reprogramming following inter-specific nuclear 
transfer was even more complex and unpredictable than reprogramming associated with 
intra-specific nuclear transfer, because the complex reactions and interactions between the 
nuclear chromatin and oocyte components that are required for embryonic development 
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would have to occur across the evolutionary divide between the two species. It was 
recognized that evolutionary divergence of the structures of the nuclear chromatin relative to 
the corresponding oocyte components could result in structural incompatibilities that could 
inhibit or alter reactions required for successful embryogenesis. Species-specific variations 
in the timing of synthesis or degradation and/or in the concentrations of chromatin binding 
sites, oocyte components, other structural proteins, and metabolic enzymes, were seen as 
providing an additional layer of complexity to embryonic development following inter- 
specific nuclear transfer. At the time the parent application was filed, it was known that the 
complement of proteins that is initially produced by an embryonic genome varies from 
species to species (Crosby et al., J. Reprod. Fertility, 1988, 82:769-75; Barnes et al., 
Molecular Reproduction and Development, 1991, 29:117-9; and Connover et al., Dev. 
Biology, 1991, 147:403-14). In addition, it was known that the stage of embryonic 
development at which transcription of embryonic genes begins, referred to as the "maternal to 
embryonic transition" (MET), also varies from species to species; e.g., transcription of 
genomic DNA begins in in murine and rat embryos at the 2-cell stage, in bovine embryos at 
the late 4- to early 8-cell stage, in human embryos at the 4- to 8-cell stage, and in sheep 
embryos at the 8- to 16-cell stage (see Telford et al., Molecular Reproduction and 
Development, 1990, 26:90-100). Species-specific incompatibilities between the oocyte- 
derived mitochondria and proteins expressed by nuclear genes were regarded as another 
source of species-specific discordance that could interfere with the successful development of 
embryos produced by cross-species nuclear transfer. Mammalian mitochondrial DNA codes 
for 13 enzymes that mediate oxidative phosphorylation, 22 tRNAs, and two rRNAs (Smith et 
al., J. Reprod. Fertil. Suppl. 48:31-43, 1993). Kenyon et al. showed that oxidative 
phosphorylation is impaired in cells with human genomic DNA and mitochondria of 
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orangutan, New World monkeys, or lemurs, but not in cells with human genomic DNA and 
mitochondria of gorillas or chimpanzees (Proc. Nat. Acad. Sci. U.S.A., 94:9131-9135, 1997). 

In view of the above-discussed reasons why the success of inter-specific nuclear 
transfer was uncertain, the report by Wolfe et al. that blastocysts could be generated 
following inter-specific transfer of blastomere nuclei into recipient oocytes was initially 
regarded as significant, because it suggested that evolutionary divergence does not prevent 
interactions between an undifferentiated nucleus of one species and the ooplasm of a different 
species that mediate successful development of a nuclear transfer embryo. However, doubts 
as to whether the 1990 reference actually demonstrated production of a blastocyst directed by 
a nucleus of one species after transfer into an oocyte of a different species were raised by 
Wolfe et al. (Biol, of Reprod., 1994, 50 (Suppl. 1) p. 72, copy attached), a scientific article 
that was written by three of the same authors as the Wolfe et al. (1990) reference that was 
cited as prior art. The 1994 Wolfe et al. reference stated that the blastocysts reported in the 
1990 reference as having been obtained by interspecific nuclear transfer may have actually 
been the result of parthenogenetic development of nucleated demi-oocytes, because the 
nuclear transfer methods described in the 1990 reference did not include checking to verify 
that the recipient oocytes were successfully enucleated. The 1994 Wolfe et al. reference also 
stated that attempts to reproduce the production of blastocysts by interspecific nuclear 
transfer as described in the 1990 reference were unsuccessful, and concluded that the 
interspecies nuclear transfers were incapable of developing into blastocysts. In view of the 
1994 Wolfe et al. reference, persons of ordinary skill in art would not have regarded the 
report of the 1990 Wolfe et al. reference that interspecific nuclear transfer leads to successful 
embryonic development as valid and convincing. 

The 1990 Wolfe et al. reference described performing interspecific nuclear transfer 
using donor nuclei of undifferentiated blastomeres ; therefore, even if the results reportd in the 
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1990 Wolfe et al. reference had been valid, the method used by Wolfe et al. was qualitatively 
different from the claimed invention, which performs inter-specific nuclear transfer using 
donor nuclei of differentiated cells. As discussed in Dr. Lanza's declaration, at the time the 
parent application was filed, nuclear transfer using undifferentiated donor nuclei was a 
known and routinely practiced cloning technique, and persons skilled in the art knew that the 
chromatin of embryonic donor cells is in an embryonic configuration that is capable of 
directing embryogenesis with relatively high efficiency. In contrast, successful cloning by 
nuclear transfer using donor nuclei of differentiated cells was at that time known to be a 
relatively new and much more problematic methodology. Persons skilled in the art knew 
that the chromosomes of a differentiated donor cell are in a non-embryonic state, and must 
undergo significant reprogramming in order for successful embryonic development to occur. 
The molecular basis for reprogramming a differentiated cell nucleus following nuclear 
transfer into a recipient oocyte was then and remains today poorly understood. As discussed 
above, successful reprogramming of a differentiated donor cell nucleus in an oocyte of a 
different species was seen as involving the complex reactions and interactions between the 
chromatin of the differentiated cell and oocyte components that are required for 
reprogramming a nulceus of like species, plus additional, species-specific and time-sensitive 
reactions and interactions between the donor chromatin and the components of the recipient 
oocyte that are unique to reprogramming a nucleus following inter-specific transfer. In view 
of the combined effects of structural incompatibilities between the proteins of the nuclear 
chromatin and oocyte components that could interfere with reprogramming, together with 
species-dependent asynchronies in the timing and pattern of embryonic gene expression, and 
discordance between genome- and oocyte-derived mitochondrial proteins, persons of 
ordinary skill in the art at the time the parent application was filed could not have predicted 
whether or not interspecies nuclear transfer using differentiated donor cell nuclei would lead 
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to successful embryonic development and production of blastocysts. Therefore, even if the 
1990 Wolfe et al. reference had convincingly reported successful embryonic development 
following inter-specific nuclear transfer using donor nuclei of undifferentiated blastomeres, 
that result would not have suggested to a person of ordinary skill in the art that inter-specific 
nuclear transfer using donor nuclei of differentiated cells would reasonably be expected to 
result in embryonic development. 

The deficiencies of the 1990 Wolfe et al. reference would not have been remedied by 
the Collas et al. reference. Collas et al. showed transfer of a nucleus of a differentiated 
somatic cell into an enucleated oocyte of the same species cold lead to production of a 
blastocyst; but the 1990 Wolfe et al. reference in combination with the Collas et al. reference 
would not have suggested to a person of ordinary skill in the art that inter-specific nuclear 
transfer using differentiated donor cell nuclei would lead to successful embryonic 
development. As discussed above, the 1994 Wolfe et al. reference stated that the 
methodology of the 1990 Wolfe et al. reference was flawed, and that attempts to reproduce 
the production of blastocysts by inter-specific nuclear transfer were unsuccessful, so that one 
of ordinary skill in the art would not have relied on the teachings of the 1990 Wolfe et al. 
reference. 

Moreover, at the time the parent application was filed, the process of reprogramming 
a differentiated donor nucleus following inter-specific nuclear transfer so that embryogenesis 
can proceed was regarded as involving complex, unpredictable interactions and reactions 
between the donor nuclei and oocytes and properly regulated transcription of genes of the 
embryonic genome, as discussed above. The Collas et al. reference only describes the 
reprogramming of a cell nucleus in an oocyte of the same species. In view of the additional 
complexities and reasons for uncertainty believed to be associated with reprogramming inter- 
specific nuclear transfer, the results reported by Collas et al., alone or in combination with 
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Wolfe et al., would not have enabled a person of ordinary skill in the art to predict whether 
successful embryonic development would occur following transfer of the nucleus of a 
differentiated cell into an oocyte of a different species . Therefore, the successful operation of 
the claimed invention would not have been obvious to a person of ordinary skill in the art at 
the time the parent application was filed. In view of the foregoing, the Applicants submit that 
the invention could not have been prima facie obvious at the time the application was filed, 
and respectfully request that the rejection of claims under 35 U.S.C. § 103(a) be withdrawn. 

All issues raised by the Office Action dated September 10, 2002, have been addressed 
in this Reply. If the Examiner has any further questions or issues to raise regarding the 
subject application, it is respectfully requested that she contact the undersigned so that such 
issues may be addressed expeditiously. 



Respectfully submitted, 



Date: March 10, 2003 




Samir Elamir 
Registration No. 43,601 



1600 Tysons Boulevard 
McLean, V A 22102 
(703) 905-2064 Telephone 
(703) 905-2500 Facsimile 



CR/af 
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APPENDIX 

The changes in claim 36 made by the above amendment are shown below: 

36. (Amended) A method for producing a nuclear transfer unit having genomic 
DNA of one mammalian species and mitochondria of a different mammalian species, and 
being capable of giving rise to a multicellular structure of at least about 50 cells when 
cultured under appropriate conditions, comprising: 

(i) removing the genomic DNA from a mammalian oocyte; 

(ii) inserting a differentiated mammalian donor cell, or the nucleus of said cell, 
into the oocyte under conditions suitable for the formation of a nuclear transfer unit so that a 
nuclear transfer unit is formed, wherein said oocyte and said differentiated cell are from 
different mammalian species; 

(iii) activating the resultant nuclear transfer unit; and 

(iv) culturing the activated nuclear transfer unit to produce a multicellular 
structure. 
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Regulation of Gene Expression at 
the Beginning of Mammalian 
Development* 

Jean-Yves Nothias, Sadhan Majumder, 
Kotaro J. Kaneko, and Melvin L. DePamphilis 

From the Roche Institute of Molecular Biology, Roche 
Research Center, Nutley. New Jersey 071 10-1199 

Life begins for most animals when sperm fertilizes an egg to 
form a zygote. What do we know about the mechanisms that 
activate zygotic gene expression in mammals and thereby turn on 
the developmental program? Historically, answers to this question 
have relied heavily on studies done with fertilized eggs from frogs 
and flies (1) and on studies of gene expression in animal viruses 
and differentiated cells. Even with the most convenient and well 
characterized mammalian developmental system, the mouse, the 
major impediment to studies on zygotes is their limited availability 
(~30/female) and small size (100-1000 times smaller than those 
from frogs or flies). One solution to this problem has been to inject 
unique DNA sequences in the form of plasmid DNA into the nuclei 
of oocytes and cleavage stage embryos. Replication and expression 
of genes encoded in extrachromosomal DNA respond to the same 
signals that regulate these functions in cellular DNA (2). They 
require specific cis-acting regulatory sequences and the trans-act- 
ing proteins that activate them and occur only when the host cell 
executes the same function with its own genome. These results, 
taken together with analyses of endogenous gene expression and 
results from nuclear transplantation studies, reveal several novel 
features of zygotic gene expression at the beginning of mammalian 
development (Fig. 1). These include the presence of a time-depend- 
ent mechanism for regulation of transcription and translation, 
activation of a chromatin-mediated repression of promoter activity, 
the developmental acquisition of enhancer-dependent and TATA- 
box-dependent transcription, and identification of transcription 
factors that are active at the onset of mammalian development. 

Activation of Zygotic Gene Expression in Mice 
A growing mouse oocyte, arrested at diplotene of its first meiotic 
prophase, transcribes and translates many of its own genes, 
thereby producing a store of proteins sufficient to support develop- 
ment to the 8-cell stage (3, 4) (Fig. 1). Transcription of injected 
genes at this stage requires specific promoter elements, such as 
binding sites for Spl, E2F, and TBP 1 (5-7), or an oocyte -specific 
promoter such as ZP3 (8, 9). When an oocyte matures into an egg, 
it arrests in metaphase of its second meiotic division where tran- 
scription stops and translation of mRNA is reduced (10). Fertiliza- 
tion of the egg triggers completion of meiosis and formation of a 
1 -cell embryo containing a haploid paternal pronucleus derived 
from the sperm and a haploid maternal pronucleus derived from 
the oocyte. Each pronucleus then undergoes DNA replication bp- 
fore entering the first mitosis to produce a 2-cell embryo containing 
two diploid "zygotic" nuclei, each with a set of paternal and a set of 
maternal chromosomes. 

Formation of a 2-cell mouse embryo marks the transition from 
maternal gene to zygotic gene dependence. Maternal mRNA deg- 
radation is triggered by meiotic maturation and -90% completed 
in 2-cell embryos, although maternal protein synthesis continues 
into the 8-cell stage (11-13). Zygotic gene activation (ZGA) is rec- 
ognized by the sensitivity of protein synthesis to a-amanitin, a 

* This minireview will be reprinted in the 1995 Minireview Compendium, 
which will be available in December, 1995. 

The abbreviations used are: TBP, TATA box binding protein; ZGA, 
zygotic gene activation; TAF, TBP-associated factor. 



specific inhibitor of RNA polymerases II and III. ZGA involves 
synthesis of about 40 proteins (14) and is not evident until 2-4 h 
after completion of the first mitosis, concurrent with S-phase in 
2-cell embryos (13-18). Zygotic protein synthesis increases 8-10 h 
later during G 2 -phase (15), suggesting that transcription of zygotic 
genes by RNA polymerase II occurs in two phases (Fig. 1), an early 
phase that is restricted to 2-cell embryos and a much stronger late 
phase that is required for further development (14, 16, 18). 

Zygotic Clock 

One of the most striking features of early ZGA is that its onset is 
delayed by a time-dependent mechanism referred to as the zygotic 
clock rather than by a particular cell cycle event. Early ZGA in the 
mouse occurs —24 h after fertilization, regardless of whether or not 
the 1-cell embryo has completed S-phase and formed a 2-cell em- 
bryo (13, 16, 17). In contrast, late ZGA does not occur without 
formation of a 2-cell embryo (19). Thus, when 1-cell embryos that 
have not yet formed pronuclei are incubated in aphidicolin, a spe- 
cific inhibitor of replicative DNA polymerases, they arrest devel- 
opment as they enter S-phase, but early ZGA still occurs at the 
time when they would have become 2-cell embryos (Fig. 1). Expres- 
sion of plasmid-encoded genes injected into these arrested 1-cell 
embryos also is delayed until ZGA (17. 20). 2 

Although the bulk of both transcription and translation of mouse 
zygotic genes does not occur until the 2-cell stage, transcription 
begins in late 1-cell embryos. This is where a-amanitin-sensitive 
RNA synthesis is first detected by incorporation of labeled nucleo- 
tides (22, 23) or by detection of specific mRNAs and proteins (18, 
24). Moreover, transplantation of nuclei from 2-cell stage embryos 
back into 1-cell embryos reveals that late 1-cell embryos can sup- 
port transcription once ZGA has been initiated (25), Translation of 
plasmid-encoded genes can also be detected in late 1-cell embryos 
(26, 27), although most of it does not occur until the 2-cell stage 
(40-44 h post-hCG in Fig. 1) (17. 20). 2 

Translation of nascent mRNA appears to be delayed until the 
2-cell stage, suggesting that the zygotic clock regulates translation 
as well as transcription. Expression of one transgene was not 
detected until 10 h after its mRNA first appeared (24), and expres- 
sion of luciferase activity from a plasmid injected into S-phase- 
arrested 1-cell embryos was not detected until -12 h after the 
appearance of luciferase mRNA. 2 In contrast, luciferase activity 
appeared coincident with its mRNA when DNA was injected into 
arrested 2-cell embryos. Delayed translation may result from fail- 
ure to export nascent mRNA to the cytoplasm (23) or mRNA insta- 
bility in 1-cell embryos (28). The net result is that transcription is 
delayed until — 1 4 h post-fertilization and translation until -24 h 
(Fig- 1). 

The zygotic clock is not simply the time required to convert 
sperm and egg chromatin into a transcribable form but a mecha- 
nism that involves trans-acting factors that are either required for 
transcription or suppress transcription. Since RNA polymerase I-, 
II-, and Ill-dependent promoters follow the same time course when 
injected into S-phase-arrested 1-cell embryos, 2 the zygotic clock 
may regulate the activity of a general transcription i actor such as 
the TBP that is required by all three polymerases (29). This regu- 
lation may occur through post-translational modification of the 
target protein(s), because inhibitors of translation do not prevent 
transcription of either zygotic genes (30) or plasmid genes. 2 Protein 
kinase activity may be involved because ZGA is sensitive to specific 
inhibitors of protein kinase A (13). In Xenopus embryos, the ab- 
sence of functional TBP delays transcription of some promoters 
until the "midblastula transition" (31, 32). 

One advantage of the zygotic clock is to delay ZGA until chro- 
matin can be remodeled from a condensed meiotic state to one in 

2 J-Y. Nothias, M Miranda, and M. L. DePamphilis. manuscript in 
preparation, r 
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Fic. 1 . Activation of zygotic gene expression. Events at the beginning 
of mouse development (13-20) are represented relative to the time after 
injection of human chorionic gonadotropin (post-hCG), a hormone used to 
induce ovulation. Except for transcription {blue bar$. events associated with 
the paternal pronucleus are indicated in green, the maternal pronucleus in 
yellow, and zygotic nuclei in red. Addition of aphidicolin to 1-cell embryos 

§rior to the appearance of pronuclei arrests development at the beginning of 
-phase but does not prevent the "zygotic clock" from activating "early 
protein synthesis" or expression of injected plasm id-encoded genes. Chroma- 
tin-mediated repression is evident when promoters are injected into the 
maternal nucleus of oocytes, activated eggs, or fertilized eggs and into the 
zygotic nuclei of developing 2-cell embryos. The ability to utilize enhancers 
does not appear until formation of a 2-cell embryo. Stimulation of promoters 
by an enhancer or transactivator does not require a TATA box until cell 
differentiation is evident. 

which selected genes can be transcribed. Since the paternal genome 
is completely packaged with protamines that must be replaced with 
histones, some genes might be prematurely expressed if ZGA were 
not prevented. Cell-specific transcription requires that newly 
minted zygotic chromosomes repress most, if not all, promoters 
until development progresses to a stage where specific promoters 
can be activated by specific enhancers or transactivators. 

Repression at the Beginning of Mammalian Development 
The transition from a 1-cell to a 2-cell mouse embryo is marked 
by the appearance of repression that reduces the activity of any 
promoter (6, 17, 20, 33-35) 2 or replication origin (36) injected into 
either embryo from 20- to > 500-fold. This repression is produced 
sometime between S- phase in a 1-cell embryo and formation of a 
2-cell embryo and increases as development proceeds to the 4 -cell 
stage (35). Repression is not observed when DNA is injected into 
the paternal pronucleus in an S-phase-arrested 1 -cell embryo; the 
activities of both promoters and replication origins injected under 
these conditions are equivalent to their enhancer-stimulated activ- 
ities in 2-cell embryos. However, repression is observed when DNA 
is injected into the maternal pronucleus of a 1-cell embryo, parthe- 
nogenetically activated egg, or growing oocyte (20, 33). Therefore, 
the maternal pronucleus appears to inherit its repression activity 
from the oocyte. The fact that transplantation of an injected pater- 
nal pronucleus from a 1-cell to a 2-cell embryo represses the in- 
jected gene (35) confirms that repression is absent from the cyto- 
plasm of early 1-cell embryos rather than simply excluded from 
paternal pronuclei. Repression in 2-cell embryos can act on any 
nucleus, regardless of its parental origin or ploidy. Two-cell em- 
bryos constructed to contain only maternal or paternal nuclei with 
one or two sets of chromosomes were equivalent to 2-cell embryos 
with zygotic nuclei in terms of their ability to repress an injected 
gene (33). Moreover, repression occurs in 2-cell and 4-cell embryos 
regardless of whether or not these embryos continue development 
or are arrested in S-phase under the same conditions used to arrest 
1-cell embryos. Therefore, the absence of repression in paternal 
pronuclei in S-phase arrested 1-cell embryos is neither unique to 
S-phase nor to experimental conditions. 

Treatment of mouse embryos with butyrate suggests that repres- 
sion is mediated through chromatin structure. Butyrate inhibits 
histone deacetylase, thereby inducing hyperacetylation of core 
histones, which increases the accessibility of DNA to transcription 
factors and reduces the ability of nucleosomes to interact with 



histone HI (37, 38). Plasmid DNA injected into mouse ova is as- 
sembled into chromatin (20, 28). Butyrate relieves repression of 
this DNA in the maternal nuclei of oocytes, activated eggs, and 

1- cell embryos, as well as in 2-cell embryos regardless of nuclear 
origin or ploidy, but butyrate does not stimulate promoter activity 
in the paternal pronuclei in 1-cell embryos where repression is not 
observed (33, 34). Furthermore, butyrate does not change the pat- 
tern of endogenous protein synthesis. Thus, butyrate appears to 
stimulate plasmid gene expression by altering its chromatin struc- 
ture rather than by increasing synthesis of transcription factors 
which would activate promoters injected into either pronucleus. 

Changes in chromatin structure may result from changes in the 
levels of histone HI and the acetylated state of core histones. 
Incorporation of labeled amino acids reveals that histone H 1 syn- 
thesis begins in late 1-cell embryos, 3 although histone HI is not 
detected by antibodies until the late 4-cell stage (40). Since early 
histone synthesis is insensitive to a-amanitin and the antibodies 
were made against somatic histones, these data likely reflect two 
histone pools, maternal and zygotic. Binding of histone HI to 
chromatin leads to chromatin condensation with concomitant re- 
pression of transcription (41). In transcriptionally active genes, 
this repression is countered by acetylation of core histones, because 
histone Hi binds poorly to hyperacetylated chromatin (37, 38). 
Fractionation of nascent histone H4 by gel electrophoresis and 
staining of embryos with antibodies against acetylated H4 reveal 
that core histones are hyperacetylated in 1-cell embryos and 
deacetylated as 2-cell embryos proceed to the 4-cell stage. 3 There- 
fore, the repression that appears concurrently with ZGA could 
result from the onset of histone HI synthesis with concomitant core 
histone deacetylation (Fig. 2). Repression in maternal pronuclei 
could result from maternally inherited histone HI. 

Acquisition of Enhancer Function 
Enhancers provide one mechanism that can overcome chroma- 
tin-mediated repression. Promoters consist of transcription factor 
binding sites located upstream and proximal to the transcription 
start site, while enhancers consist of transcription factor binding 
sites distal to the start site that are located in either orientation 
upstream or downstream of the promoter. Enhancers impose tissue 
specificity on promoter activity. The ability of enhancers to stimu- 
late promoters during mouse development is not observed until 
formation of a 2-cell embryo; plasmids injected into growing oocytes 
or S-phase-arrested 1-cell embryos require a promoter to express a 
gene, but the promoter is not stimulated by enhancers that func- 
tion efficiently in 2- and 4-cell embryos (5. 17, 20. 33, 34, 42) (Fig. 
1). A similar result is observed with the polyoma virus replication 
origin (36). Arresting 2- or 4-cell embryos at the beginning of their 
S-phase under the same conditions used to arrest 1-cell embryos 
does not affect their ability to utilize enhancers. 

A survey of polyoma virus mutants that replicate in undifferen- 
tiated mouse embryonal carcinoma or embryonic stem cells identi- 
fied the F101 polyoma virus enhancer as the most effective in 
stimulating the activity of promoters injected into 2-cell mouse 
embryos (20, 42). Stimulation ranges Irom 20- to >300-fold (17. 20, 
33. 34, 42). Its activity depends on DNA binding sites for transcrip- 
tion factor TEFl (42) and on cellular transcription factors that can 
be depleted in competition experiments (20, 36). TEFl is a highly 
conserved transcription factor in mammals and the prototype of the 
gene lamily consisting of three or lour proteins that share the same 
TEA DNA binding domain (43, 44). 4 Recent studies using in situ 
hybridization and injection of a TEFl -dependent synthetic pro- 
moter suggest that the TEFl gene family is not expressed until 
ZGA. 4 Since TEFl itself is not required for preimplantation de- 
velopment (46), another member of this family may activate 
enhancers in preimplantation embryos. 

The ability to use enhancers is not dependent on formation of a 
zygotic nucleus, because stimulation by enhancers also occurs in 

2- cell embryos constructed with nuclei derived exclusively from 
either the maternal or paternal pronucleus (33). Moreover, the 



3 M. Wiekowski, M. Miranda, B. M. Turner, and M. DePamphilis, unpub- 
lished data. 

4 K. Kaneko, E. Cullinan, M. Miranda, and M. DePamphilis, manuscript in 
preparation. 
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F101 enhancer is active if injected into a 1-cell embryo, and the 
injected pronucleus is then transplanted to a 2-cell embryo (35). 
Conversely, the F101 enhancer is inactive if injected into a 2-cell 
embryo, and the injected zygotic nucleus is then transplanted to a 
1-cell embryo (35). Therefore, the ability to utilize these enhancers 
must depend on one or more factors that are not available until 
formation of a 2-cell embryo. 

This hypothesis was tested using plasmids containing a tandem 
series of yeast GAL4 DNA binding sites located either proximal to 
the transcription initiation site (GAL4- dependent promoter) or dis- 
tal to the HSV thymidine kinase promoter (GAL4-dependent en- 
hancer). Each plasmid was co-injected together with an expression 
vector for GAL4:VP16 protein (34). 5 In the presence of sufficient 
GAL4:VP16 protein to drive the GAL4-dependent promoter at its 
maximum rate, the GAL4 -dependent enhancer strongly stimulated 
promoter activity when injected into 2-cell embryos but not when 
injected into oocytes or into either pronucleus of S-phase-arrested 
1-cell embryos. Therefore, enhancer function requires a co-activa- 
tor that is not available until formation of a 2-cell embryo, presum- 
ably because it is expressed during ZGA (Fig. 1). This enhancer- 
specific co-activator may be a TBP-associated factor (TAF) (48), but 
it must differ from the TAF that mediates interaction between the 
basal level transcription complex and GAL4:VP16 bound proximal 
to the transcription start site. Transcription factors can have mul- 
tiple activation domains whose function depends on their proximal 
or distal location to the transcription start site (49). Each domain 
may interact with a different TAF. 

Most, perhaps all, promoters that are stimulated by enhancers 
contain a TATA box. The TATA box binds the basal level transcrip- 
tion complex through its TBP and determines the direction and 
start site for transcription (50). There are at least 12 examples of 
eukaryotic promoters that exhibit TATA-dependent stimulation by 
enhancers or transactivators, suggesting that a major role of the 
TATA box is to mediate promoter stimulation by an enhancer (Ref. 
7 and references therein). Therefore, it is not surprising that dis- 
ruption of the HSV thymidine kinase promoter's TATA box element 
does not affect its efficiency in differentiated mouse cells unless the 
promoter is stimulated by an enhancer or its natural transactiva- 
tor, HSV ICP4 (7). Presumably, this stimulation is mediated 
through TBP. However, it is surprising that this TATA box is not 
required for promoter activity or stimulation of the promoter by an 
enhancer or transacts vator in cleavage stage mouse embryos and 
embryonic stem cells (7). Instead, enhancer stimulation of the 
thymidine kinase promoter in these undifferentiated cells is medi- 
ated through transcription factor Spl. Thus, there appears to be a 
developmental switch that changes the pathway through which 
promoters are stimulated by enhancers. This switch could provide 
a simple mechanism for early embryos to utilize enhancers or 
transactivators to stimulate the activity of promoters that lack a 
TATA box but that contain one or more binding sites for Spl, and 
then, following cell differentiation, reduce the activity of the same 
promoter to its basal level. "Housekeeping genes" (genes expressed 
ubiquitously and at low levels in differentiated cells) frequently are 
driven by TATA-less promoters containing Spl sites and therefore 
are candidates for this type of developmental control. 

The primary role of enhancers is not simply to provide additional 
transcription factors to facilitate formation of an active initiation 
complex but to relieve repression of weak promoters from chroma- 
tin structure. Enhancers and butyrate appear to overcome the 
same problem. For example, the capacity of oocytes, S-phase- 
arrested 1-cell embryos, and 2-cell embryos to utilize a plasmid- 
encoded promoter is essentially the same in the presence of butyr- 
ate (33). In 2-cell embryos, these high levels of activity also can be 
achieved by linking the promoter to an embryo-responsive en- 
hancer (34). Furthermore, the need for enhancers in 2-cell embryos 
does not result from functional changes in the promoter elements 
recognized by the transcription complex, because the thymidine 
kinase promoter depends on the same transcription factor binding 
sites in S-phase-arrested 2-cell embryos as in S-phase-arrested 
1-cell embryos (34). Moreover, enhancers do not compensate for low 
concentrations of transcription factors needed to activate promot- 

5 S. Majumder and M. DePamphilis, unpublished data. 
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Fig. 2. Repression versus activation. Genes that are injected into the 
nuclei of oocytes or cleavage stage embryos are either repressed by chroma- 
tin assembly or transcribed by formation of an active transcription complex. 
A similar choice affects replication origins. We suggest that DNA replication 
is required to reprogram a DNA molecule that is assembled into either a 
repressed or activated state. 



ers, because transcription factor Spl, which is required for thymi- 
dine kinase promoter activity, is 4-6-fold more abundant in S- 
phase-arrested 2-cell embryos where full activity of this promoter 
requires an enhancer than in S-phase-arrested 1-cell embryos 
where it does not (34, 51). In fact, enhancers stimulate promoters in 
cell-free systems only when the DNA is packaged into chromatin 
containing histone Hi (41). Thus, the requirement for enhancers in 
2-cell embryos may result from changes in chromatin structure 
that accompany ZGA and produce a general repression of promoter 
activity. 

A Role for DNA Replication in Activation of Zygotic Gene 
Expression 

Enhancers alone cannot always relieve chromatin-mediated re- 
pression. Once a repressed state is formed, it may be necessary for 
DNA to replicate in order to reprogram itself into a transcription- 
ally active state (Fig. 2). When DNA is injected into either pronu- 
cleus of 1-cell embryos and the injected embryo then undergoes 
mitosis to form a 2-cell embryo, the injected promoter becomes 
"irreversibly" repressed, in that neither enhancers nor butyrate 
restores its activity (33, 35). This is not due to loss of plasmid DNA 
from the injected pronucleus during mitosis, because repression is 
reversible when the injected pronucleus is transplanted to a 2-cell 
embryo that then undergoes mitosis (35). Therefore, something 
happens to DNA between completion of S-phase in a 1 -cell embryo 
and formation of a 2-cell embryo that prevents activation of in- 
jected genes, while allowing embryonic genes to undergo ZGA. One 
explanation is that plasmid DNA does not replicate when injected 
into mouse embryos unless it contains a viral replication origin 
(52), whereas the genome of a 1 -cell embryo undergoes one round of 
replication prior to early ZGA and two rounds prior to late ZGA. 
DNA replication may be required to restore the newly remodeled 
zygotic genome to a transcriptionally competent state. Chromatin 
assembly in 1 -cell embryos occurs in the absence of at least one 
factor required for enhancer function that does not appear until the 
2-cell stage ("enhancer specific co-activator", Fig. 2). Therefore, if 
chromatin-mediated repression begins in late 1-cell embryos, be- 
fore enhancers are functional, DNA replication may be required to 
disrupt the repressed state so that appropriate transcription fac- 
tors can bind (53, 54). Conversely, once an enhancer has acted to 
prevent repression of its adjunct promoter, the resulting transcrip- 
tion complex may remain active until replication again allows 
reprogramming. Thus, the fraction of genes encoded by plasmid 
DNA that are "on" or "off will depend on the relative amounts of 
repressor versus enhancer activation proteins present at the time of 
injection. 
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Summary 

The maternal to zygotic transition can be viewed as a cascade of 
events that begins when fertilization triggers the zygotic clock that 
delays early ZGA until formation of a 2-cell embryo. Early ZGA, in 
turn, appears to be required for expression of late ZGA, and late 
ZGA is required to form a 4 -cell embryo. ZGA in mammals is a 
time-dependent mechanism rather than a cell cycle-dependent 
mechanism that delays both transcription and translation of nas- 
cent transcripts. Thus, zygotic gene transcripts appear to be han- 
dled differently than maternal mRNA, a phenomenon also 
observed in Xenopus (55). The length of this delay is 
species-dependent, occurring at the 2-cell stage in mice, the 4-8- 
cell stage in cows and humans, and the 8-16-cell stage in sheep 
and rabbits (4). However, concurrent with formation of a 2-cell 
embryo in the mouse and rabbit (47, 56), perhaps in all mammals, 
a general chromatin-mediated repression of promoter activity 
appears. 

Repression factors are inherited by the maternal pronucleus 
from the oocyte but are absent in the paternal pronucleus and not 
available until sometime during the transition from a late 1 -cell to 
a 2-cell embryo. This means that paternally inherited genes are 
exposed to a different environment in fertilized eggs than are 
maternally inherited genes, a situation that could contribute to 
genomic imprinting. Chromatin-mediated repression of promoter 
activity prior to ZGA is similar to what is observed during Xenopus 
embryogenesis (3 1 , 32) and ensures that genes are not expressed 
until the appropriate time in development when positive acting 
factors, such as enhancers, can relieve this repression. The ability 
to use enhancers appears to depend on the acquisition of specific 
co-activators at the 2-cell stage in mice and perhaps later in other 
mammals (47, 56), concurrent with ZGA. Even then, the mecha- 
nism by which enhancers communicate with promoters changes 
during development (Fig. 2), providing an opportunity for enhanc- 
er-mediated stimulation of TATA-less promoters (e.g. housekeep- 
ing genes) early during development while eliminating this mech- 
anism later during development. 

The net result of this sequence of events is to impose a direction- 
ality at the very beginning of animal development. This direction- 
ality is evident from the inability of fertilized mouse eggs to repro- 
gram gene expression in nuclei taken from cells at developmentally 
advanced stages. For example, nuclei transplanted from mouse 
embryos that have progressed beyond ZGA (>late 2-cell stage) into 
enucleated 1-cell embryos do not recapitulate the normal program 
of gene expression (45) and therefore do not support successful 
development (21, 39). At least two factors contribute to this phe- 
nomenon: the inability of 1-cell embryos to relieve repression once 
it has been established and their inability to utilize enhancers. 
Although S-phase-arrested 1-cell embryos can efficiently utilize 
promoters encoded in plasm id DNA, they cannot relieve repression 
of the same promoter if it is first injected into a 2-cell embryo and 
then the injected nucleus transplanted back into an arrested 1 -cell 
embryo (35). Linking the promoter to the F101 enhancer does not 
stimulate activity under these conditions, presumably because en- 
hancer-specific coactivator is absent in 1-cell embryos (Fig. 2). 
Thus, it is not surprising that the maternal pronucleus in 1-cell 
embryos can exist in a repressed state while the paternal pronu- 
cleus does not (33) 2 (Fig. 1). 

The results described above have opened the door to understand- 
ing how the developmental program in mammals is initiated, h 
should now be possible to identify the roles of specific transcription 
factors and chromosomal changes in activating specific genes at the 
beginning of mammalian development. 
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